Abstract-We revisit the analysis of equalization-enhanced phase noise (EEPN) arising in coherent receivers from the interaction between the chromatic dispersion compensation by an electronic equalizer and the phase noise of the local oscillator. Through numerical simulations we highlight EEPN characteristics and investigate its impact on the behavior of the carrier phase recovery algorithm. We show that the blind phase search, which is usually used in practice to recover the carrier phase, partially mitigates the EEPN. We detail a numerical approach to predict the system performance including the phase recovery algorithm and show that taking into account EEPN characteristics relaxes the constraint on the system laser phase noise given by previous pessimistic analytical models. We present experimental validations of our claims, and address future advanced transoceanic systems using 98 GBd probabilistically shaped QAM formats.
I. INTRODUCTION

I
T HAS been shown that the interaction between the electronic dispersion compensation (EDC) filter and the phase noise of the local oscillator (LO) laser in the coherent receiver generates a noise called equalization enhanced phase noise (EEPN) [1] - [8] . The variance of EEPN at EDC output is computed in [1] . The EEPN-induced constraints on LO linewidth have been experimentally characterized in [2] on quadraturephase-shift-keying (QPSK) signals, and simulation results in [3] highlighted tighter requirements for higher modulation formats such as 16 and 64QAM.
Assuming that EEPN is an independent additive white Gaussian noise (AWGN), the EEPN variance was added to that of the amplified spontaneous emission (ASE) noise, and the EEPN system penalty was derived in terms of the optical signal to noise ratio (OSNR) in [4] . However, the AWGN assumption, yet very useful for a coarse prediction of EEPN impact on system design, does not take into account the temporal properties of EEPN distortions, showing correlation of tens to thousands symbols, depending on the ratio between laser linewidth and the baud rate. It is shown in [7] that the EEPN impairing the QPSK signal can be partially mitigated by the Viterbi-Viterbi phase recovery, so that the previous analytical study overestimates the EEPN impact on system design. The probability density function of EEPN noise is studied in [8] . To limit the impact of EEPN on system design, solutions have been proposed, such as hardware digital coherence enhancement (DCE) technique developed in [5] , or digital mitigation by a fast equalizer replacing the conventional phase recovery algorithm [6] .
In this work, we revisit the EEPN analysis, carrying out a detailed numerical DSP-aware characterization, with the blind phase search (BPS) [9] as the carrier phase recovery (CPR) algorithm, and study the EEPN penalty for emerging probabilistically shaped constellations recently proposed for transoceanic distances [10] , [11] . We believe this revision is timely, as the current industry trend is towards ever increasing symbol-rates: 100 GBd is now practical. And there is also demands for extremely long distance submarine cables, beyond 15000 km. In this context, accurate analysis of EEPN penalty is important. Even if EEPN arises only from the phase noise of the local oscillator laser, we show that taking into account the transmitter laser phase noise is required, since BPS is included in the analysis, and its optimum moving average filter length depends on both transmitter and receiver phase noise, although only the latter results in EEPN. Note that theoretical DSP-aware analysis of EEPN is prohibitively complex, and experimental characterizations require multiple laser sources with widely different linewidths whereas numerical simulation is an efficient approach to this problem. So we adopt numerical simulation as the main analysis tool in this work. We also present some experimental results to complement our studies. More experimental work is required, and will be presented in future works. This paper is organized as follows. In Section II, we introduce the reduced model of coherent optical transmission system used in this work. In Section III, the DSP-aware numerical approach used to investigate the EEPN is presented. We also present some available (but not sufficient) experimental characterizations. In Section IV, numerical results are provided to quantify constraints on laser linewidth in the presence of EEPN for transoceanic systems with large accumulated chromatic dispersion, high baud rate and advanced shaped constellations. In Section V, the paper is concluded. 
II. SYSTEM MODEL
We use the equivalent baseband model described in Fig. 1a . Previous studies [1] , [4] have shown that transmitter (TX) laser phase noise impacts only phase recovery but has no influence on EEPN. First, we will omit TX phase noise to characterize EEPN. Then, it will be included in the rest of the study to quantify the impact of EEPN in a realistic system, where phase noise arising from both LO and TX lasers must be considered to evaluate the system performance after DSP.
A train of symbols x k at the rate B = 1/T s is passed through the equivalent transfer function H(f ) modeling pulse-shaping and fiber chromatic dispersion. The ASE process n(t) is complex circular and additive white Gaussian noise (AWGN). At the receiver, the signal is multiplied by the local oscillator field. The LO phase noise process φ LO (t) is a Wiener process; therefore, the continuous-wave optical field of the LO laser has a Lorentzian spectrum with linewidth Δν (cf. Fig. 1b) . The DSP consists of matched filtering (including EDC) modeled by H * (f ), symbol-spaced sampling at the rate B, and the CPR algorithm. Note that we focus this paper on EEPN identification and CPR impact, and do not include in our simulation model the role of additional DSP algorithms, such as fast adaptive equalizers that can partially mitigate EEPN, as shown in [6] .
The sampled received symbol at CPR input (output) is denoted by y k (ŷ k ). We denote the EEPN term at CPR input by w k . It is defined by the following equation
where φ k = φ LO (kT s ) is the sampled LO phase, n k = n(kT s ) the sampled ASE noise, and P = √ 2P l P in the received signal power after coherent mixer, where P l is the LO power, and P in the signal mean power.
At the receiver, the CPR gives an estimateφ k of the carrier phase and rotates the received signal by this estimated phaseφ k such that the signal after CPR isŷ k = y k e −jφ k . In practical applications, CPR is performed with the blind phase search algorithm [9] . In numerical simulations, we have perfect knowledge of all signals and we compare BPS to two other CPR implementations to understand the CPR behavior in the presence of EEPN: LO phase cancellation (LOPC), requiring perfect knowledge of the LO random phase, and ideal data remodulation (IDR), assuming perfect knowledge of the transmitted symbols.
The total distortion, including ASE, residual phase noise and residual EEPN after CPR, is denoted by N k and is written as
Finally, we compute the variance σ 2 N of the total noise N k and estimate the signal-to-noise ratio (SNR) of the received signal after CPR as SN R = P/σ 2 N .
III. DSP-AWARE EEPN CHARACTERIZATION
A. EEPN Identification Before Carrier Phase Recovery
We performed Monte Carlo simulations and studied statistical properties of the EEPN. We considered a polarized 64QAM channel transmission over EX3000 fiber (dispersion coefficient D = 20.6 ps/nm/km) with central frequency f 0 = 194 THz and neglected nonlinear impairments. We set P in = 0 dBm, P l = 10 dBm, and OSN R = 20 dB/0.1 nm. We generated 10 sample functions of the LO phase noise process over a time window including 2 17 symbols, with sequence length of 2 13 symbols, and threw out 15000 symbols from each side of every simulated waveform, to avoid biasing the statistics by the numerical transients. The main physical parameters used in this paper are shown in the Appendix. In the simulations, we generated and saved the x k , φ k and n k , such that once y k was produced, w k could be extracted without ambiguity using its definition in eq. (1) .
For a link of L = 6600 km, Fig. 2 compares the analytical variance computed in [1] for a baud rate B of 49 GBd (98 GBd) drawn in solid (dashed) line, and the variance σ 2 w of the EEPN term w k computed from the numerical simulations, for 49 GBd (black circles) and 98 GBd (white circles), as functions of the LO linewidth Δν. We show that, before CPR, our simulations and identification of EEPN term as w k match the analytical model of [1] for the EEPN variance
Note that (3) is valid for normalized transmitted symbols and therefore, σ 2 EEP N has been here multiplied by the signal power P to meet our definition of EEPN term, which does not use power normalization. Fig. 3a shows the normalized probability distribution function (PDF) of the real part of the EEPN term w k at CPR input (dashed line), as well as the Gaussian fit (solid line), showing that w k is not Gaussian. The normalized PDF of the real part of the total noise n k + w k is plotted in Fig. 3b (dashed line), and fits a Gaussian shape (solid line). Even if the EEPN part can not be considered as a Gaussian noise, the total noise accounting for ASE and EEPN remains Gaussian in the considered setup.
We now study the temporal properties of the EEPN term w k . For 49 GBd transmission over 6600 km EX3000, Fig. 4 shows the autocorrelation of the EEPN term defined as A n = w * k w k+n (solid line). Averaging is performed over 500 samples of the LO phase noise. We observe that the autocorrelation shows a peak at 8192 symbols: its corresponds to the length of the symbol sequence and shows the dependence of EEPN term on the transmitted signal. The EEPN autocorrelation also shows low-pass features, spreading on several hundreds of symbols, highlighting the non-white nature of EEPN. We attribute these features to be caused by the dependence of the EEPN on the LO field. We then compute and plot the cross-correlation R n between the LO field e jφ k and the EEPN distortions with ideal data remodulation w k x * k (hence removing dependence on the transmitted data) defined as
The cross-correlation R n presents similar low-pass features, with more than 2 orders of magnitude higher amplitude. It shows that EEPN term, whose dependence on data has been removed, is strongly correlated to the LO field. Fig. 5 shows the normalized LO field-EEPN cross-correlation R n for 6600 km or 13419 km transmission. We observe a one-sided width at half maximum of around 400 symbols for 6600 km, and 760 symbols for 13419 km. This shows that the EEPN is a colored noise which depends on link properties and is correlated to the LO phase noise. Therefore, taking into account the influence of the phase recovery DSP in the analysis is a must.
B. Carrier Phase Recovery Influence
To study the behavior of CPR algorithms in the presence of EEPN, we consider three different cases of CPR implementation to describe the performance of the system. First, we perform a LO phase cancellation, i.e. we assumeφ k = φ k , which requires a perfect knowledge of the random process φ k . Next, we use ideal data remodulation (IDR), namely, we assume perfect knowledge of the transmitted symbols x k and compute the estimated phase over an averaging block of length N = 2l + 1
k . Finally, to study the performance of a realistic transmission use-case, in the third case the estimated phaseφ k is computed as the output of the BPS algorithm with an averaging block of length N = 2l + 1. Note that when using BPS, in this paper, all cycle slips are removed to avoid performance degradation from ambiguity coming from constellation symmetry. Assuming the same setup as in Fig. 3 and with the three different CPR techniques, we computed the received signal y k after CPR and we plot the estimated SNR in Fig. 6 . The solid black line is the theoretical SNR for a fixed OSNR of 20 dB/0.1 nm, assuming that ASE is the only source of noise. Next, we turn on LO phase noise but keep dispersion to zero: just as a numerical sanity check, white diamonds corresponding to LO phase cancellation (when φ k is used asφ k ) meet the solid line of the theoretical SNR; black diamonds correspond to ideal data remodulation (IDR) whereas gray diamonds show the result of the BPS algorithm over a block of N = 2l + 1 symbols. For short CPR averaging, the black diamonds reach the theoretical performance, showing that LO phase noise is completely removed by data remodulation. As the block length increases, the LO phase noise tracking is degraded by the averaging process and the performance decreases. The gray diamonds corresponding to BPS exhibit an optimal averaging length around 200 symbols. Below this optimum, phase estimation is degraded by ASE noise which is not sufficiently averaged by the CPR process. Beyond this optimum, the averaging window is too long and does not allow to follow the LO phase noise, hence the BPS performance curve converges to that of the IDR curve, and both IDR and BPS performance degrade due to not following the phase noise Wiener process.
Next, we turn on the dispersion (hence EEPN): white circles represent the performance with CPR by LO phase cancellation, black circles correspond to the IDR with perfect knowledge of transmitted symbols, and gray circles are the result of BPS. We observe that the phase recovery by LO phase cancellation meets the case where EEPN is modeled as an equivalent AWGN (dashed line) with the variance computed in [1] and is not the best strategy to perform CPR in presence of EEPN. Even if we have perfect knowledge of the LO phase noise, as shown in [7] , using LO phase noise as phase estimateφ k is non-optimal as it ignores that the phase to be removed by the CPR is a combination of LO phase noise φ k , transmitted symbols x k and CDC equalizer transfer function H(f ). Consequently, the black circles representing ideal data remodulation exhibit the best performance among the three considered cases in the presence of EEPN: for short averaging length, it reaches a SNR level which is 0.6 dB greater than that achieved by AWGN equivalent noise model; the performance decreases slowly when the averaging length increases (only 0.2 dB when the block size varies from 30 to 1000), before decreasing strongly when the averaging process does not allow to track the phase variations anymore. Finally, we show that the BPS algorithm (gray circles) exhibits an optimal performance which almost reaches the ideal data remodulation case, outperforming the analytical prediction by 0.4 dB when the averaging block length is set to 1000. In the presence of EEPN, the optimal performance is attained for longer averaging block length compared to phase-noise-only case. This change of behavior of the BPS algorithm in the presence of EEPN can be considered as a signature of EEPN non-white nature, showing that the BPS must be taken into account in the study of EEPN impact. The SNR offset labeled as (1) on Fig. 6 , shows the true EEPN penalty with respect to optimized BPS. This penalty could be avoided if an ideal EEPN compensator were available. The SNR offset labeled as (2) is the amount by which the closed form formula, as per eq. (3) overestimates the EEPN penalty.
We showed in the previous section that the length of the cross-correlation between the EEPN samples remodulated by the data and the LO field increases with the transmission distance. We then perform the same analysis of the CPR behavior for the three considered techniques, with the transmission distance of 13419 km, the other parameters remaining unchanged. Results are shown in the Fig. 7 . Since the OSNR value is 20 dB in both the 6600 km and 13419 km transmission simulations, the analytical model with ASE noise only (solid line) and the simulation results in the absence of EEPN, for all CPR implementation, namely LO phase cancellation, IDR and BPS (respectively white, black and gray diamond markers), remain unchanged compared to results of Fig. 6 . In the presence of EEPN, we observe that the pessimistic predictions of both the analytical model considering EEPN as an equivalent AWGN (dashed line) and the simulation with LO phase cancellation as CPR (white circles) fall to 11.4 dB. Again, IDR (black circles) outperforms the analytical model, and with optimization of the CPR length (around 2000 symbols), BPS (gray circles) almost reach a best performance which is 0.7 dB higher than the analytical overestimation.
C. Impact of Modulation Format Choice
Previous analysis was performed assuming 64QAM modulation. Now we study the influence of modulation format on BPS performance in presence of EEPN. Assuming the same setup as the one that resulted in the curves of Fig. 6 , we plot in Fig. 8 , in presence of EEPN, the SNR after BPS for QPSK (black circles), 64QAM (gray circles) and probabilistically shaped PCS64QAM, with source entropy equal to 5.4 bits/symbol (black diamonds). The theoretical performance with EEPN modeled as equivalent AWGN is drawn in dashed line. Compared to 64QAM, QPSK shows better resilience to CPR averaging length variation, with a stable SNR performance of almost 13 dB with moving average filter lengths varying from 50 to 1000. For the short averaging length where the phase estimation process is limited by the ASE noise, decision errors arise more often with constellations with high cardinality and small distances between symbols. For PCS64QAM, this degradation drastically falls at low averaging lengths, indicating that probabilistically shaped format imposes tighter constraints on the CPR parameter than the high cardinality unshaped formats. However, the maximum achieved SNR for all the constellations is very similar, provided the moving average length is separately optimized for each format. The block averaging length must be optimized in each configuration and under this condition, in this example, the degradation from the advanced formats remains negligible at the optimal point of operation.
The optimization of the BPS averaging length, depending on parameters such as the LO linewidth, the OSNR of the Fig. 9 . SNR vs. LO laser linewidth, for optimized BPS as CPR of a 49 GBd or 98 GBd transmission using QPSK, 64QAM or PCS64QAM, through 6600 km EX3000, neglecting nonlinearity, with OSNR equal to 20 dB/0.1 nm.
transmission, the cumulated chromatic dispersion and the modulation format, has been shown to result in optimal averaging block length of 1000 symbols or more for the considered transoceanic transmission use cases. Such block lengths might be particularly challenging for industrial implementation using application-specific integrated circuits (ASIC). Fig. 8 suggests that the sub-optimal averaging length of the CPR, due to hardware complexity constraints, may result in extra penalties, hence emphasizing the importance of DSP-aware analysis in studying EEPN.
To further investigate format dependence of EEPN penalty, in presence of optimized BPS, in Fig. 9 we plot the received SNR versus LO laser linewidth for a 49 GBd and a 98 GBd transmission using QPSK (black circles), 64QAM (gray circles) and PCS64QAM (black diamonds), through 6600 km EX3000, neglecting nonlinearity, with OSNR equal to 20 dB/0.1 nm. The solid line shows the theoretical performance in the absence of EEPN, whereas the dashed line indicates the analytical performance when EEPN is modeled as an equivalent AWGN using Eq. (3). At low linewidths, all the formats reach the theoretical SNR without EEPN, which differs by 3 dB between 49 and 98 GBd, corresponding only to a doubling of ASE noise in the channel bandwidth. Note that, for all formats, the achieved SNR with BPS is higher than what is analytically predicted with equivalent AWGN. At high linewidths, the excess EEPN penalty PCS64QAM with respect to QPSK is inferior to 0.3 dB at 1 MHz linewidth. The takeaway is that the EEPN penalty is only mildly format dependent, provided BPS averaging length has been optimized. For simplicity, in the rest of the paper, we will only focus on the emerging probabilistic format to study EEPN penalty on long-haul transmission system design, as it represents the worst case.
D. Experimental Validation
To assess the impact of EEPN on BPS observed in the simulations, we performed an experimental characterization using a C+L recirculating loop depicted in Fig. 10 . The C-band transmitter (TX C) is described in details on the figure. The test channel is a single tunable laser source (TLS) at wavelength 1545.72 nm. Fig. 10 . Experimental setup for experimental WDM 49 GBd PCS64QAM transmission over 6600 km EX3000. Fig. 11 . Experimental SNR vs. BPS averaging length, for a back-to-back configuration (without EEPN) and a WDM 49 GBd PCS64QAM transmission over 6600 km EX3000, for total launched power 2 dB below or over NLT. Inset: SNR vs. total launched power.
The linewidth of this laser is, according to its specifications, less than 30 kHz. It is modulated with a polarization-multiplexed I/Q (PM I/Q) 64 GHz bandwidth modulator, surrounded by 2 loading channels, each of which driven by a distinct modulator, and further multiplexed to 86 loading channels modulated by a third dedicated modulator. Each modulator is driven by a digitalto-analogue (DAC) working at 88 GSamples/s and loaded with different randomly-generated sequences operating at 49 GBd. A wavelength selective switch (WSS) and a coupler are used to combine the measured channel with the loading channels. A fiber spool and a polarization scrambler (PS) ensure decorrelation of the loading channels. This TX C is coupled to a similar L-band transmitter (TX L) before being launched in the recirculating loop. The loop is composed of twelve 55 km spans of EX3000 fiber. The loop includes a gain equalizer WSS per band and a loop synchronous polarization scrambler. After 10 loops, the signal is sent to a coherent receiver and sampled by a real-time scope with 33 GHz bandwidth, working at 80 Gsamples/s. Fig. 11 shows the SNR vs. BPS averaging length, after DSP including EDC, polarization demultiplexing with a multi-modulus algorithm (MMA) preceded by pre-convergence by constant modulus algorithm (CMA), carrier frequency estimation and phase recovery using BPS and pilot-based cycle-slip removal using 1% pilots and least-mean square adaptive post-equalization. The dashed lines represent three measured back-to-back SNR vs. filter length curves for OSNRs equal to 17, 18 and 19 dB/0.1nm. The evolution of the SNR in these back-to-back measurements (hence without dispersion) is given as reference for various amount of ASE noise, as both EEPN and fiber nonlinear impairments are absent in back-to-back measurements. Then, we plot in gray circles the performance of the transmission case, after 6600 km EX3000, with a launched power of 16 dBm. This launched power has been chosen, as shown on the bell curve in the inset, to be 2 dB below the nonlinear threshold (NLT) to ensure that the nonlinear distortions are negligible, but EEPN is present. We observe that at low BPS averaging length the transmission SNR falls more sharply than back-to-back SNR, and that in the transmission case the optimal performance is achieved for longer averaging block size compared to the back-to-back case, as was observed in the numerical simulations of the previous section. We plot in white circles the transmission SNR with launched power of 20 dBm, which corresponds to 2 dB above the NLT. In the presence of fiber nonlinearity, the performance drops for long averaging block size, ensuring that the difference of behavior between the previous transmission case (at 16 dBm) and the back-to-back configuration is not attributable to nonlinearities, but the signature of the presence of EEPN. As the BPS behaves differently in the transmission case and in back-to-back case with various ASE variances, this confirms that EEPN must not be considered as an equivalent AWGN and the BPS must be taken into account to evaluate system performance.
IV. EEPN IMPACT ON SYSTEM DESIGN
A. OSNR Penalty Definition
To assess the amount by which system performance could be underestimated due to simplifying assumptions, in Fig. 12 we plot the estimated SNR after digital signal processing vs. OSNR curves, assuming the same numerical setup as in Fig. 3 and sweeping the ASE noise variance. The operative SNR at the considered configuration was set to SN R ref = 12 dB according to [10] and the EEPN impact is considered in term of OSNR penalty to reach this operative SNR. The solid line is the theoretical SNR vs. OSNR curve assuming both laser linewidth and dispersion are zero. Next, we turn on LO phase noise but keep dispersion to zero: gray diamonds correspond to BPS, where the averaging length has been optimized to maximize the SNR. The penalty between solid black line and gray diamonds corresponds to the residual noise coming from the use of BPS as CPR and is denoted PN penalty. Next, we turn on dispersion (hence EEPN) and optimize BPS, to obtain gray circles, which represent the true system performance including EEPN and impact of DSP. Performance degradation from gray diamonds to gray circles is the EEPN penalty, whereas the degradation from black solid line to gray circles represents the total OSNR penalty due to both PN and EEPN, which is about 1 dB for this specific configuration and operative SNR of 12 dB. For low OSNRs the BPS performance without EEPN (diamonds) converges to that of BPS performance with EEPN (circles), showing that in this regime the performance is mainly due to ASE and PN, and not EEPN. The dashed line is the analytical performance estimated when EEPN is modeled as an independent AWGN with the variance computed in [1] , and shows that ignoring DSP overestimates the EEPN penalty by 0.3 dB in this configuration.
B. Impact on Modern and Future Transoceanic Systems
For the PCS64QAM transmission over transoceanic links of 6600 or 13419 km, with baud-rates of 49 or 98 GBd, we computed the previously defined PN and total OSNR penalties and we plot in Fig. 13 these penalties vs. laser linewidth. Firstly, we set TX laser linewidth to 0, and only swept the LO linewidth. In this case, white circles stand for total EEPN penalty, whereas white diamonds correspond penalty only due to PN, i.e., we artificially set fiber dispersion coefficient to zero, so the EEPN was also forced to zero. Secondly, we performed simulations where both TX laser source and LO linewidth were swept, but for simplicity assumed these two lasers have the same linewidth. In this case black circles represent the total EEPN penalty, and black diamonds correspond to PN only penalty. For each simulation point, the BPS was separately optimized for maximum SNR. The dashed line represents the DSP-agnostic penalty predicted by the analytical model [1] where EEPN is modeled as an equivalent AWGN. Given this analytical model does not capture the CPR, its predictions do not depend on TX laser linewidth. Fig. 13a presents simulation results for transatlantic transmission of 49 GBd PCS64QAM over 6600 km, with a target SNR of 12 dB (parameters set according to [10] ). For low linewidths, EEPN and PN penalties are similar and they are slightly higher than the analytical prediction, due to BPS implementation penalty. As the linewidth increases, EEPN increasingly dominates PN. When TX laser linewidth is set to zero, for LO linewidths larger than 20 kHz, the total OSNR penalty (white circles) is always lower than the pessimistic analytical prediction. When TX laser linewidth is set to that of LO, even if TX laser phase noise does not directly contribute to EEPN generation, this additional phase noise impacts BPS optimum point. As a result, the PN penalty (black diamonds) and the total penalty (black circles) increase and to keep EEPN penalty under 1 dB of OSNR, we must limit the linewidth at 130 kHz. Since the industry trend is towards increasing the per-channel baud rate, hence reducing transponder count and cost-per-bit, on Fig. 13b , we examine the OSNR vs. linewidth penalty of 98 GBd PCS64QAM on the same link as in Fig. 13a . In the analytical model, EEPN variance scales linearly with the baud rate: as a result, OSNR penalty increases as we double the baud rate. To keep EEPN penalty under 1 dB of OSNR, the analytical model gives a linewidth constraint on LO and TX of 70 kHz. When TX linewidth is set to 0, the total OSNR penalty is smaller than the analytical model. Besides, increasing the baud rate reduces the share of PN penalty in the total OSNR penalty. As a result, when both TX and LO linewidths are nonzero, the linewidth constraint on both lasers to keep OSNR penalty under 1 dB is loosened to 100 kHz.
As the EEPN penalty scales up with total transmission distance, we also studied a transpacific transmission of TPCS64QAM over 13419 km EX3000. In order to meet transmission experiment parameters from [11] , the target SNR is set to 7.9 dB, hence both EEPN and ASE increase. In Fig. 13c , we show simulation results from 49 GBd transmission. The PN penalty (white diamonds: TX source linewidth set to zero; black diamonds: TX laser linewidth equal to LO linewidth) is comparable to that of 6600 km transmission of Fig. 13a . To keep EEPN penalty under 1 dB of OSNR, we must limit TX and LO laser linewidth to 150 kHz. The 98 GBd transpacific results are plotted in Fig. 13d . In order to keep EEPN OSNR penalty under 1 dB, the TX and LO linewidth should be kept below 120 kHz.
Then, we plot the OSNR penalty discrepancy between the analytical model and our DSP-aware simulations for the case where TX laser linewidth equals LO linewidth. Fig. 14a shows the results for transatlantic 6600 km transmission. At 49 GBd (triangle markers), the analytical model overestimates by 0.5 dB the OSNR penalty at 500 kHz linewidth. At 98 GBd (square markers), the PN penalty is reduced. As a result, the OSNR penalty in presence of EEPN is overestimated by more than 1 dB for linewidth over 200 kHz. Finally, we plot OSNR penalty discrepancy between the analytical model and our simulations for transpacific 13419 km transmission in Fig. 14b . For 49 GBd transmission (triangle markers), the overestimation by the analytical model remains under 0.3 dB for both LO and TX linewidths smaller than 500 kHz. However, for 98 GBd transmission (square markers), we observe more than 1 dB penalty overestimation for linewidth over 220 kHz. Please note that the revised assessment of EEPN, is not only useful for setting requirements on laser specifications, but also to separate the extra penalty due to EEPN from other sources of penalty in advanced characterizations of submarine systems, which require an accuracy of less than 0.1 dB on SNR.
V. CONCLUSIONS
We characterized the electronically enhanced phase noise (EEPN) in coherent receivers, taking into account the blind phase search algorithm. We showed the influence of EEPN on the behavior of this carrier phase recovery process, and quantified EEPN penalty as a function of local oscillator linewidth for emerging transoceanic systems with shaped constellations, highlighting the importance of DSP-aware performance analysis. Not taking into account the EEPN characteristics and the BPS effect on OSNR penalty can lead to overestimate its impact on system design. As both TX and LO play a role in the CPR algorithm, even if TX does not generate EEPN, both of them must be included in the simulations to estimate the full PN impact, which accounts for BPS residual error and EEPN. For high baud rate transmission, EEPN penalty becomes dominant and the overestimation is significant for current laser source performance. These penalty curves might serve as guidelines for specifications of the laser sources for high baud rate coherent systems in future.
APPENDIX
This appendix details the main physical and numerical parameters used in the simulations and experiments of this paper.
